ABSTRACT Gramicidin channels are archetypal molecular subjects for solid-state NMR studies and investigations of singlechannel or cation conductance. Until now, the transitions between on and off conductance states have been thought, based on multichannel studies, to represent monomer 4 dimer reactions. Here we use a single-molecule deposition method (vesicle fusion to a planar bilayer) to show that gramicidin dimer channels do not normally dissociate when conductance terminates. Furthermore, the observation of two 13 C peaks in solid-state NMR indicates very stable dichotomous conformations for both the first and second peptide bonds in the monomers, and a two-dimensional chemical exchange spectrum with a 12-s mixing time demonstrates that the Val 1 carbonyl conformations exchange slowly, with lifetimes of several seconds. It is proposed that gramicidin channels are gated by small conformational changes in the channel near the permeation pathway. These studies demonstrate how regulation of conformations governing closed 4 open transitions may be achieved and studied at the molecular level.
INTRODUCTION
As a model for ion conductance, gramicidin A (gA) has proved to be valuable for understanding cation binding, dehydration, and selectivity (1) (2) (3) (4) (5) . Here, we suggest that it is also an excellent model for understanding the mechanisms by which channels open and close. The gA head-to-head dimer structure is well established for the conducting state (6, 7) and has been characterized to very high resolution in a liquid crystalline lipid bilayer environment through the use of solidstate NMR (ssNMR) (8, 9) . For many reasons, monomer association and dissociation have been taken to be responsible for single-channel on and off transitions, respectively (10) . These include the statistical distribution of channel levels (11) , the nature of the dimer junction (six hydrogen bonds (12) ), the long lifetimes of covalently-linked dimers (13) , the quadratic dependence of channel activity on membrane peptide density (14) , the similarity between membrane conductance perturbation relaxation time and single-channel gating rate constants (15) (16) (17) , and the apparent success of the hypothesis in explaining heterodimer formation (15) . But there is no direct evidence for this view. Although preliminary single-molecule fluorescence studies (16) suggested that channels begin to conduct only after dimerization occurs, and that the lifetime of fluorescence resonance energy transfer spots on average is similar to the average channel lifetime (16) , it was subsequently shown that fluorescence resonance energy transfer intensity and monomer colocalization persist during channel off periods for single-channel patches (17) . In other words, dimers do not dissociate when the ion channel closes.
It is also noteworthy that ssNMR results show that gA monomers do not float in leaflets, coiled and ready to dimerize, but instead are largely disordered on the surface (18) . This contradicts the earlier, less specific in-plane x-ray scattering evidence (19) and suggests that dimerization must usually occur before membrane formation.
In thin bilayers, the gA dimer interface is stabilized by six hydrogen bonds at the very center of the lipid bilayer, and although the exact strength of such hydrogen bonds can be debated (20) (21) (22) (23) , it is reasonably believed that breaking all of the junctional hydrogen bonds in the low dielectric membrane interior would be a significant energetic challenge. Thus, the mechanism of channel opening and closure is currently under debate.
Here, we use a direct method to evaluate this issue. By fusing gA-doped vesicles to a planar lipid bilayer with the Woodbury nystatin technique (24) , we can track the lifetime of individually deposited dimers. Because only a few molecules are delivered to the membrane, as opposed to the thousands of monomers typically present in the bilayer of previous studies, dimer dissociation can be expected to be terminal since no alternative partners are likely to be encountered by diffusion on the timescale of the experiment. The vesicle fusion results contradict the monomerization model for the termination of gA single-channel conductance, and suggest instead that there is an internal gating mechanism in gA.
In addition, we report ssNMR results from liquid crystalline lipid bilayer preparations indicating a peptide backbone conformational oscillation on a timescale similar to that observed for the channel gating process, which is a good candidate for the internal gate.
These findings facilitate the interpretation of ongoing gA electrophysiology studies (25) and are consistent with the suggestion that local conformational changes may underlie the open-close transition process for other protein ion channels, such as potassium (26) and sodium (27) channels.
MATERIALS AND METHODS

Planar bilayer studies
Single-channel currents were obtained using a painted planar lipid bilayer composed of a mixture of phosphatidylethanolamine (PE) and phosphatidylcholine (PC), both from bovine brain or both with 1-palmitoyl, 2-oleoyl (PO; Avanti Polar Lipids, Alabaster, AL) tails as noted, in a molar ratio of 7:3, dispersed in n-decane (20-30 mg lipid/mL n-decane).
The liposome solution consisted of 10 ng gA, 50 mg nystatin, and 4.3 mg brain PE, 2.2 mg brain PC, 2.3 mg brain phosphatidyl serine (PS; or similar masses of PO lipids), and 1.2 mg ergosterol (Sigma-Aldrich, St. Louis, MO) per milliliter of 150 mM KCl, 8 mM HEPES, pH 7.2. We refer to this mixture according to its approximate lipid molar composition: 2:1:1:1. For tests of the raft confinement hypothesis, vesicles were comprised of 10 ng gA, 7 mg brain PE, and 3 mg brain PC (no ergosterol) per milliliter of the same electrolyte. Ergosterol was stored in the freezer for up to 6 months as a stock solution in chloroform (10 mg/mL). Methanolic nystatin (Sigma-Aldrich) stock solutions were prepared by dissolving 2.5 mg/mL in high-performance liquid chromatography-grade methanol. The methanol was kept dry (free of water) during storage to prevent nystatin from precipitating out of solution (24) . Mild bath sonication was used to disperse the nystatin in methanol. Stock solutions of gA were prepared by dissolving 0.67 Â 10 À3 mg gA per milliliter of methanol (also dry). To prepare the vesicles, the lipid in chloroform and peptide in methanol were mixed and then evaporated with nitrogen gas to form a thin film. Then, electrolyte was added and the mixture was vortexed for 5 min and sonicated in a water bath sonicator (at 22 C) for 2 min. The mixture was cloudy after vortexing and became translucent after sonication. After incubation at 3 C for 0-14 days, vesicles were returned to room temperature, vortexed and/or sonicated, and then measured by dynamic light scattering (90Plus particle size analyzer; Brookhaven Instruments, Holtsville, NY) to be 200-250 nm in diameter, with a secondary peak at >600 nm. Channel activity was independent of the incubation period, suggesting that monomer-dimer equilibration was achieved during vesicle formation.
Lipid bilayers were formed by painting the 7:3 PE-PC in n-decane across the aperture (200 mm in diameter) in a polystyrene cup (Warner Instruments, Hamden, CT). The bilayer was painted in 150 mM KCl, 8 mM HEPES (both from Sigma-Aldrich), pH 7.2, in filtered, distilled water. [KCl] cis was raised to 860 mM by exchange with appropriate aliquots of 3 M KCl. A potential of À100 mV (trans relative to cis) was applied by means of Ag-AgCl electrodes placed directly in the cis and trans chambers. After correction for chloride potentials at the electrodes (taking activity coefficients into account), this corresponds to a membrane potential of À140 mV.
After an osmotic gradient was established and the membrane was judged from capacitance and baseline noise to be fully thinned, 10 mL of nystatinergosterol vesicle suspension were added to the cis chamber, which contained 1 mL, while stirring. After the liposome suspension was injected into the cis chamber, it thus contained 0.1 ng gA and 0.1 mg lipid. Fusion was initiated spontaneously. Typically, within 5-10 min of stirring after vesicle addition, vesicle fusions were observed, as signaled by sudden spikes in conductance due to nystatin channels, followed by decay back to the baseline conductance within~1 min. This was thought to be due to dissipation of ergosterol, which is required for nystatin conductance, from the fusion site (24) .
After one or two fusion events occurred, stirring was stopped, which essentially terminated vesicle fusion events. In some experiments, new fusions were blocked by increasing trans [KCl] to eliminate the osmotic gradient, with similar results. We were able to increase membrane conductance by reinitiating stirring, but this became increasingly less effective as the experiment progressed. We note that small vesicles may not cause measurable nystatin spikes, but because of the low density of gA in such liposomes, they should not contribute appreciably to gA delivery. All experiments were performed at temperatures between 22 C and 24 C. Membrane currents were measured using a Warner BC-525C bilayer clamp amplifier (Warner Instruments). The amplifier gain was 100 mV/pA, except where lower gains were needed for multichannel experiments. Data were low-pass filtered at 100 Hz and collected continuously, at 300 samples/s, until membrane breakdown occurred, typically 30- Control experiments with vesicles of similar composition, but without nystatin or ergosterol, yielded similar gA channel behavior, but with no nystatin current spikes. If the membrane was disrupted at any time during this preparation or the subsequent observation, the experiment was terminated. For activity studies, gramicidin density was increased from 10 to 100 or 1000 ng gA/10 mg lipid/mL buffer.
To test whether monomers could exchange partners after vesicle fusion, a PO 7:3/decane bilayer was painted, and methanolic gramicidin M (gM), the analog of gA with Trp-9, 11, 13, and 15 each replaced by Phe, was added to the trans chamber to a final concentration of 0.5 ng gM/1 mL solution. Once gM channels were observed, an osmotic gradient was introduced, and gA-containing PO 2:1:1:1 vesicles were added under stirring to the cis chamber to the usual final concentration of 0.1 ng gA/0.1 mg lipid/1 mL electrolyte solution until fusion spikes were observed. In each of three cases, experiments lasted more than 1 h after protein addition. Control experiments with gM and gA comingled (1:1) in the vesicles (N ¼ 3) were used to identify conductance histogram peak positions for the two homodimers and two heterodimers under concentration gradient conditions. NMR studies (1) . gA was synthesized by solid-phase peptide synthesis using 9-fluorenymethoxy-carbonyl chemistry on an Applied Biosystems (Foster City, CA) model 430A peptide synthesizer. The blocking chemistry of isotopically labeled amino acids was performed in our laboratory. After synthesis and cleavage, the peptides were characterized and purified, as detailed previously (28, 29) .
Unoriented samples for ssNMR were prepared by codissolving gA and DMPC in a 1:8 molar ratio in 95/5 (v/v) benzene/ethanol solution. After lyophilization, the white powder was hydrated by adding 50% high-performance liquid chromatography-grade water (by total sample dry weight). The K þ loaded sample was prepared by hydration with a 2.4 M KCl solution, which should produce double K þ occupancy in the dimer (30) . The tubes were then sealed and incubated at 45 C for a minimum of 2 weeks until the samples became uniformly hydrated. The samples were then transferred into 4 mm ZrO NMR rotors with Vespel sealing caps for NMR measurements.
All high-resolution 13 C NMR measurements were performed on a Bruker DMX-600 NMR spectrometer (B 0 ¼ 14.1 T) equipped with a Bruker crosspolarization MAS (CPMAS) double-resonance probe with 4 mm rotors and with Larmor frequencies of 150 MHz for 13 C and 600 MHz for 1 H. A standard chemical exchange pulse sequence (31) with CP was used to record the two-dimensional (2D) 13 C chemical exchange spectrum. All spectra were recorded at 320 K (above the gel-to-liquid crystalline phase transition temperature of the lipids) using CP (5 ms 90 pulse length and 700 ms contact time) and a sample spinning rate of 2 kHz. A recycle delay of 4 s was used, and the proton decoupling (B 1 ¼ 62 kHz) was applied throughout the evolution and observation of the 13 C magnetization.
RESULTS
In the confines of a vesicle membrane, gA monomers are likely to be dimerized (14) . Therefore, under the traditional hypothesis, we expected the fusion of a single vesicle to Biophysical Journal 98(8) 1486-1493 deliver a few dimers into the bilayer, which should initially be open and then shut off upon dimer dissociation and never return. Instead, channel conductance events usually occurred within a brief period after fusion events and then recurred continuously for the duration of the experiment. This is illustrated in Fig. 1, A and B , where a few vesicles fused to the planar bilayer. In the first expanded box (Fig. 1 B, left) , six characteristic nystatin current spikes occurred due to the fusion of vesicles containing preformed nystatin channels (32) . These multichannel current spikes terminate rapidly as the channel-stabilizing ergosterol diffuses into the ergosterol-free painted bilayer.
Here the brain 2:1:1:1 vesicles delivered approximately five active dimers (the maximum number of simultaneously conducting pores; Fig. 1 B, right) , which opened and closed repetitively for the lifetime of the brain 7:3 bilayer, 54 min. If monomerization occurred, the likelihood of recombination with the same or another monomer in the 200-mm bilayer would be negligible. Because the nystatin channels are known to reflect the timescale of ergosterol dissipation, i.e., several seconds (32) , it further appears that the gA channels are not merely confined to vesicle-derived ergosterolrich lipid domains. This result was duplicated in a second experiment of similar length.
To rule out the possibility that the vesicles merely formed long-lasting domains in the bilayer due to a difference in their lipid composition, we repeated the experiment with vesicles composed of the same lipid as the bilayer, i.e., brain 7:3. In 27 experiments that were similar to the two mentioned above in vesicle fusion and in duration (40-60 min), yielding maximum stacking levels (parallel conductance events) of one to eight channels, the same persistent channel activity was observed after cessation of vesicle fusion. In three of these experiments where no stacking was observed, the average channel lifetime, t, was 4.8 s and the apparent open probability, P o , averaged 0.027. Because of the long closed-state periods, the bilayers were not sufficiently long-lived to rule out the presence of multiple dimers in the bilayer. A membrane lasting 6t/P o 2 (>9 h) without stacking would be needed to establish this fact at the 95% confidence level (33) . Nevertheless, the average lifetime of 4.8 s is trustworthy, and the value of P o can be taken as an upper limit. Given the rapid dissipation of the nystatin signal, which depends on intermixing of vesicle nystatin and ergosterol molecules with the nystatin-and ergosterol-free planar bilayer (24) and the lipid-like diffusion coefficient of gA fluorescence signals (17) , it is clear that within a minute or so of deposition, the gA dimer channel is surrounded by and responding to the bulk lipid environment, i.e., 7:3 brain PE-PC in decane.
To demonstrate that the channels delivered by vesicles to the bilayer cannot switch docking partners, we fused vesicles containing gA to bilayers preloaded with gM channels. In three separate experiments (totaling 391 conductance events), only rare heterodimers (4% 5 3%) were observed over the course of 60-90 min after vesicle fusion occurred (see Fig. 1 C for an example). In three separate experiments, gA and gM (1:1) were premixed in the vesicles and fused to a bilayer. Each time, four distinct peaks were observed in the histogram with a large fraction of heterodimers (38% 5 22%, from a total of 954 conductance events), with an expectation of 50% under the assumption of equivalent dimerization energetics (34) . The experiments represented by Fig. 1 C show that the majority of gA molecules in the vesicles stay bound together in homodimers throughout fusion, and that the homodimers only rarely dissociate after vesicle fusion to partner with preexisting gM monomers in the bilayer during the experimental time course. If, indeed, the dimers do not dissociate but are internally gated, the total membrane current, I ¼ i*NP o , should rise with increased dimer density in the liposomes and should be stationary after vesicle deposition is terminated. Therefore, the effect of increasing the peptide density in the vesicles by factors of 10 and 100 was tested. Because the heightened channel activity prevented observation of nystatin spikes, deposition was taken to end with termination of stirring based on the evidence from the single-channel studies, and was assumed to involve the fusion of approximately three to five vesicles, as was observed at the lower peptide density. The membrane currents were stationary after deposition was ended. Fig. 2 shows, for each experiment, the mean current as a function of vesicle gA density on a log-log scale. A linear increase, which is expected if the peptide molecules in the vesicles are essentially all dimerized (14) , is indicated by the bottom line, an eye-guide with a slope of 1.0. A quadratic increase, which is expected if the peptide molecules are in a monomer-dominated monomer-dimer equilibrium in the vesicles (14) , is indicated by the top line, an eye-guide with a slope of 2.0. The left-hand set of points derives from a subset (19) of the single-channel experiments described above. The middle and right-hand points are from the 10Â and 100Â density experiments. The results varied highly from experiment to experiment (perhaps related to variance in the deposition process), but display an approximate slope intermediate between 1.0 and 2.0.
The peptide density in the membranes of the vesicles used for the single-channel studies can be estimated based on the membrane area occupied per gramicidin dimer (35),~2 50 Å 2 , and the area per lipid molecule, which we took for our mixed lipid system to be~60 Å 2 . At the lowest ratio of 10 ng gA/10 mg lipid, the nominal gA density is one peptide molecule per 0.32 mm 2 of bilayer, which corresponds to 0.4 peptide molecules per 200 nm (diameter) vesicle. Thus, one might expect three to five 200-nm vesicles to deposit only one to two gA molecules. Considering that the deposition generally yielded somewhat more (i.e., one to eight dimeric channels) in the bilayer (Fig. 1 A and lefthand points in Fig. 2) , it is likely that vesicles that are larger in diameter or have higher peptide densities (e.g., as a statistical fluctuation) may be more prone to produce the fusion events. We proceed on the assumption that somewhat larger vesicles are the primary depositors.
The monomer [M] and dimer [D] surface densities can be predicted using the dimerization constant, K, the total gA surface density used in the liposomes, [gA] T , and the equilibrium and conservation of matter equations:
Based on a previous measurement for a fluorescent (dansylated) gA analog in dioleoylphosphatidylcholine/decane bilayers (14), K ¼ 2 Â 10 13 cm 2 /mol, the fraction of peptide molecules participating in dimers at equilibrium (i.e., before vesicle fusion) is predicted to be 2%, 15%, and 51% for total peptide densities of 10, 100, and 1000 ng gA/10 mg lipid, respectively. On the assumptions that dansylated gA has a dimerization constant similar to that of gA, and the quantity of liposome membrane fused was the same in all of the experiments, the predicted log-log slope over the 100-fold peptide density range is 1.7, which is reasonably consistent with the observed data in Fig. 2 .
NMR results
As indicated in the structural refinement based on ssNMR observations from uniformly aligned samples (9) , the C¼O bond of the Val 1 residue exhibits two possible orientations: one slightly toward the channel axis, and one slightly away from the channel axis. High-resolution 13 C MAS ssNMR (8) (Fig. 3) (8) . The implication of these MAS and aligned sample results is that the carbonyl oxygen may be in two significantly different electronic environments: one in which the oxygen is in a more hydrophilic (39) . The relative amplitudes of the two resonance peaks suggest that the K þ -independent resonance at 171.0 ppm, which we associate with the electrically closed state, has a lower probability. This is to be expected, even though our electrophysiology experiments show the open state to have the lower probability, because 1), it is likely that either one of the two Val 1 gates (or the two formyl carbonyl gates) could close the channel; and 2), P o is expected to be increased in short-chain lipids (11) like DMPC. Fig. 3 B shows the 2D 13 C MAS chemical exchange spectrum of the same sample under the same sample conditions recorded with a mixing time of 12 s. The pulse protocol effectively allows magnetic labeling of a conformational population at the beginning of the mixing time (which, because of a long T 1 relaxation, persists for many seconds) and detection of that group's conformational distribution at the end (31). The two diagonal peaks represent the two conformational states of the 13 C 1 -Val 1 , and the cross peak between them implies that the two conformational states undergo partial exchange on the mixing timescale (i.e., seconds). This is consistent with the timescale of channel gating observed electrophysiologically.
The above results demonstrate that the 13 C 1 -Val 1 carbonyl displays two chemical shifts. Two 13 C isotropic resonances at 164.0 and 160.8 ppm are also observed from the 13 C 1 -formyl gA in unoriented hydrated DMPC bilayers (with a molar peptide/lipid ratio of 1:8), as shown in Fig. 4 . This implies that the carbonyl carbon of the formyl group next to the Val 1 residue also experiences two different chemical shift environments.
DISCUSSION
The vesicle-fusion electrophysiology results demonstrate that dimeric channels persist after converting to the closed state. These results are consistent with the high (~43.4 kT) net free-energy barrier to gA dimer in vacuo dissociation computed using normal modes tracking (40) , and the observation of fluorescent resonance energy transfer from single gA dimers after termination of channel conductance (41). Note that the computed in vacuo free-energy barrier to dissociation would be reduced by the lipid interior of dielectric 2.0 and intrachannel water molecules, but would nevertheless be expected to be very high.
The concept that channel appearance and, more particularly, channel termination reflect dimerization and monomerization has been used to interpret the effects of membrane thickness (42) , peptide mutation (43), interfacial reagents (25, 44) , and lipid headgroup structure (45) on channel kinetics. We do not dispute the effects of these factors on channel gating, or the role of the monomer-dimer equilibrium in establishing relative homo-and heterodimer frequencies. However, the electrophysiology results reported here confirm the notion of dimer persistence through open-closed channel cycles (17) and call for a different model for the mechanism of gA channel gating. Single-dimer fluorescence colocalization in small patch pipette bilayers was suggested to occur by corralling of monomers in small rafts, bigeminate recombination, or partial dimer dissociation (17) . The electrophysiological results reported here were obtained with mixed brain lipids. In such lipids, raft formation (if any) would be complex, with small domains of variable size and composition, and hard to predict. The large diameter of the bilayers used here (200 mm) would lead to a negligibly low rate of recombination of separated monomers. Local dimpling of the lipid produced by the dimer would be expected to dissipate very rapidly upon monomerization and would be unlikely to preserve colocalization. Partial disruption of hydrogen bonds at the dimer junction would leave only a small energy barrier to complete disruption (40) .
We propose instead that the closed state represents a conformational variant of the intact dimer. We suggest that changes in the formyl and Val 1 carbonyl orientations (Fig. 5 ) represent an internal conductance gating mechanism of the dimeric ion channel that does not require the formation and dissociation of dimers. The carbonyl oxygens may facilitate conductance when they are oriented in, toward the pore, and inhibit conductance when they are oriented away from the pore.
As potential mechanisms for intact dimer channel closure, one might consider steric or energetic blockage produced by occlusion of the lumen by the N-terminal formyl residue, or complexation of a cation by multiple N-terminal carbonyl groups. The first model would require a more substantial conformational change than is described by the high-resolution structural restraints (9) , and the latter mechanism would shift the isotropic and anisotropic carbonyl resonance much more substantially (39, 46, 47) . Rather, the data here suggest that channel closure occurs by an outward libration of peptide carbonyls generating an unfavorable electrostatic environment for cations and a much increased energy barrier, effectively closing the channel without disrupting the dimer.
The ssNMR spectrum was repeated several times and the double peak was highly reproducible. The impact of ion addition in the ssNMR experiment, an 0.2 ppm shift, is small compared to the linewidth (~1.3 ppm), but is clearly visible in the spectrum. This small shift is significant and reasonable (48) , especially in light of the relatively small fraction of time in which the ions reside at the center of the channel.
The two 13 C resonances have the same dephasing behavior upon irradiation on the 15 N-labeled Ala 5 site of gA in distance measurement experiments, as was previously pointed out (8) . This implies that the distance between the Val 1 carbonyl 13 C and the Ala 5 amide 15 N of the opposite monomer is essentially the same for both Val 1 conformations.
The ssNMR results reported here were obtained under conditions similar (but not identical) to those used for the electrophysiology experiments. For ssNMR, the membrane is thinner (~25 Å for the pure DMPC bilayer, as opposed to~45 Å for the decane-inflated brain or PO phospholipid bilayers), but the higher compressibility of the solvent-inflated bilayer probably moderates the impact on gating (see below). The protein is more densely packed (1:8 gA/ DMPC molar ratio in the NMR measurements, as opposed to almost infinitely dilute in the bilayer experiment), but the ssNMR structure is unchanged with reductions in density by factors of R6 (T. A. Cross, unpublished results). No membrane potential was applied in the ssNMR studies (whereas the membrane potential was À140 mV in the bilayer experiment), but there are no formally charged atoms in gA that would be predictably perturbed by the membrane potential. These and other minor differences might have modest quantitative effects on channel conformation and function, but are not expected to have qualitative effects. The ssNMR-detected timescale of conformational change is quite approximate, so from the currently available evidence we are limited to the inference that the conformational switching timescale and distribution as detected by ssNMR have orders of magnitude similar to those observed with the planar bilayer. In conclusion, the presence of two NMR peaks with very slow interchange is reasonably consistent with the electrophysiological finding of transitions between open and closed states on a timescale of seconds.
We speculate that the changes in average open and closed times seen with changes in membrane thickness, etc., may reflect changes in the strain on the dimer junction affecting the stability of these carbonyl conformational populations. Hydrophobic mismatch was previously invoked to explain how strain on the dimer junction might disconnect the hydrogen bonds holding the monomers together (11, 42) . Here, we suggest that the same strain affects the conformational equilibrium between the open and closed states instead. This is good news for studies of membrane mechanical properties on gramicidin channel kinetics because, provided the number of dimers in the membrane can be ascertained accurately, it allows one to interpret the meaning of modulation of the closed and open times on the same basis. It is interesting that the gA dimers in this study remain intact in decane-inflated phospholipid bilayers. Considering the importance of hydrophobic matching in applying forces to transmembrane helices, one might expect dimers to be even more stable in thinner membranes (17) , and to monomerize readily in thicker bilayers, particularly when the lipid bending modulus is high, such as in solvent-free membranes based on long-tailed lipids (18) . Here, however, the painted bilayers permit dimer persistence in spite of their thickness, presumably because of the low modulus of compression for the solvent-inflated bilayer (49, 50) .
For years, the gA conductance mechanism was thought to be irrelevant for understanding conductance of the larger proteinaceous channels, but when the structure of KcsA was elucidated by MacKinnon and co-workers (51), it was recognized that both gA and KcsA pores were lined with peptide backbone carbonyl oxygens. As a result, numerous insights into ion permeation, including cation binding, dehydration, and selectivity, have been gleaned from studies of gA (1) (2) (3) (4) (5) . The primary gA gating mechanism is not associated with the unique dimerization property of gA; rather, it appears to be associated with a much more general property of ion channels: local conformational changes (52) . This study opens the door for examination of environmental effects on gramicidin channel gating kinetics (referenced above), as well as other ion channels (53) (54) (55) , using vesicle deposition to assess oligomer behavior coupled with NMR assessment of conformer populations and dynamics.
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